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Abstract

pH-sensitive field effect transistors (FET) were modified with organophosphate hydrolase (OPH) and used for direct detection
of organophosphate compounds. OPH is the organophosphate degrading gene product isolated from Pseudomonas diminuta. OPH
was selected as an alternative to acetylcholinesterase, which requires inhibition mode sensor operation, enzyme regeneration before
reuse, long sample incubation times, and a constant source of acetylcholine substrate. OPH was covalently immobilized directly
to the exposed silicon nitride gate insulator of the FET. Alternatively, silica microspheres of 20 or 200 nm were formed via a base
catalyzed sol—gel process and were dip-coated onto the gate surface; enzyme was then covalently immobilized to this modified
surface. All sensors were tested with paraoxon and displayed rapid response ( < 10 s), with a detection limit of approximately
1 x 10 =% molar. The 200 nm sol—-gel gate modification enhanced the signal of enzyme-modified devices without effecting device
pH sensitivity. Sensors were stored at 4°C in buffer and tested multiple times. Devices coated with 200 nm silica microspheres
maintained significant enzymatic activity over a period of 10 weeks while uncoated devices lost all enzyme activity during the same
period. The 20 nm sol-gel modification did not enhance device response or enzyme stability. Successful reuse of sensor chips was
demonstrated after stripping inactive enzyme with an RF oxygen plasma system and reimmobilizing active enzyme. Published by
Elsevier Science S.A.
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1. Introduction

A wide variety of sensors have been proposed and
investigated for organophosphate detection. Enzyme
(Dumschat et al.,, 1991), antibody (Van Emon and
Lopez-Avila, 1992; Makower et al., 1997) and whole
cell (Dutka et al., 1983) recognition elements have been
investigated and piezoelectric (Guilbault et al., 1981/
82), optical (Rogers et al., 1991; Pandey and Weetall,
1995) and electrochemical (Trojanowicz and Hitchman,
1996) transduction platforms have all been developed.
Recognizing that organophosphate poisoning is due to
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highly irreversible binding to and inactivation of acetyl-
cholinesterase (AChE), the most prevalent biosensor
strategy has been enzyme-based sensors that mimic this
organophosphate mode of action. These sensors use
acetylcholinesterase or butyrylcholinesterase as the sen-
sor recognition component while the sensor transduc-
tion element is a colorometric or electrochemical
platform for monitoring cholinesterase activity.
Cholinesterase-based sensors for organophosphate are
inherently inhibition mode. Organophosphate capture
results in loss of enzyme activity and hence a decrease
in sensor signal. Acetylcholinesterase-based sensors suf-
fer from several limitations. First, any environmental or
handling factors that may cause loss of cholinesterase
activity may result in false positive signal. Second,
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AChE-based sensors require baseline testing prior to
sample application and lengthy sample incubation times
to allow AChE-analyte interaction. Third, due to the
irreversible nature of acetylcholinesterase inhibition,
AChE sensors can not be reused without incubation in
a cholinesterase regenerating solution such as pyridine-
2-aldoxime methiodide.

In order to take advantage of the demonstrated high
sensitivity and specificity of biomolecular recognition,
yet avoiding the inhibition mode of cholinesterase-
based sensors, we have investigated use of an
organophosphate hydrolase enzyme for direct detection
of organophosphate compounds. Organophosphate
acid anhydrases are a broad class of enzymes of great
interest (Reiner et al., 1989) due to their ability to
hydrolyze organophosphate compounds into much less
toxic products. These enzymes were initially separated
into two major categories, Mazur type and squid type
(Hoskin et al., 1984), based upon enzyme source, sub-
strate preference and a variety of enzyme sensitivities.
Various enzyme extracts have also been described as
DFPases, paraoxonases, parathionases etc. emphasizing
the substrate preference of each. However, these dis-
tinctions have become less meaningful as multiple com-
ponents have been identified in some enzyme extracts,
additional enzymes have been isolated from other
sources, and attempts to categorize the enzymes based
upon consideration of phylogenetic relationships have
been emphasized (Noellgen and Landis, 1992). An
overview with some focus on this nomenclature debate
has been presented by one of the pioneering investiga-
tors of these enzymes (Aldridge, 1989). Following the
recommendation of Aldridge et al. (1989) and the ex-
ample of Dumas et al. (1989), we use the term
organophosphate hydrolyzing enzyme as a general term
describing those enzymes which catalyze hydrolysis of
numerous organophosphate triesters and organophos-
phofluoridates.

The most well characterized of these enzymes is the
organophosphorous degrading (opd) gene product of
Pseudomonas diminuta, which we describe here as
organophosphate hydrolase (OPH). Purification and
organophosphate degrading capability (Dumas et al.,
1989, 1990), sequence information (McDaniel et al.,
1988), catalytic mechanism (Lewis et al., 1988), crystal
structure (Benning et al., 1994) and folding mechanism
(Grimsley et al., 1997) have been reported. In addition,
enzyme expression in non-native systems (Phillips et al.,
1990; Dave et al., 1994), site directed mutagenesis (Lai
et al., 1994, 1996; Watkins et al., 1997)) and enzyme
encapsulation (Pei et al., 1994) have also been investi-
gated. The enzyme has been expressed in E. coli cells
and these cells were cryoimmobilized and used for
organophosphate detection in a continuous flow reactor
system. Micromolar detection and excellent sensor sta-
bility were reported (Rainina et al., 1996). Recently,

immobilized OPH was combined with an amperometric
AChE-based biosensor for discriminative determination
of carbamate and organophosphate pesticides (Simo-
nian et al., 1997).

We have extended use of OPH from P. diminuta in a
sensor system by immobilizing OPH to the gate of a
pH-sensitive field effect transistor (FET). Enzyme-
modified FETs have been proposed and investigated for
many analytes. The acetylcholinesterase-modified FET
for organophosphate detection was a direct extension
of cholinesterase-modified electrodes (Strop and Guil-
bault, 1972) and was proposed (Janata et al., 1981)
soon after the initial enzyme-modified FET reports
(Caras and Janata, 1980). Investigation of
cholinesterase-modified FETs has continued (Dumschat
et al., 1991; Vlasov et al., 1991; Sakai et al., 1993;
Nyamsi Hendji et al., 1993), and the same strategy
(inhibition mode/potentiometric detection) has been
pursued with a commercially available, light address-
able potentiometric sensor (Fernando et al., 1993).
However, we believe this report is the first use of the
organophosphate hydrolase modified field effect tran-
sistor for organophosphate direct detection. Results
indicate that the OPH-modified FET is suitable for
detection down to micromolar concentrations of
paraoxon in less than 10 s.

There is a significant literature related to pH-sensitive
FETs (see, for example, Janata and Huber, 1985;
Bergveld and Sibbald, 1988). Early investigations were
frustrated by electrically leaky silicon dioxide and sili-
con nitride and physically leaky encapsulation. More
recent reports and the commercial availability of FET-
based pH sensors indicate that many of these material
issues have been resolved. An excellent historical review
of the evolution of the device has been presented
(Janata, 1994). A better understanding of device re-
sponse also led to creative and enhanced dynamic sig-
nal measurement techniques (Van Der Schoot and
Bergveld, 1987, 1990). With more stable and reliable
devices available, efforts have focused on resolving long
recognized enzyme-modified FET issues: influence of
solution buffer capacity (Shul’ga et al., 1993), reference
electrode miniaturization (Lisdat and Moritz 1993), and
enzyme loading and stability.

In addition to the use of a novel enzyme, we have
attempted to enhance the enzyme immobilization plat-
form to improve enzyme loading and stability by phys-
ically modifying the gate insulator surface. Prior work
(Singh et al., 1999) indicated that immobilization to
porous silica beads increased enzyme stability and total
activity relative to immobilization to non-porous sur-
faces, and a silica microsphere-modified surface is phys-
ically similar to porous silica beads. Therefore, silica
microspheres of 20 or 200 nm diameter were formed via
a base catalyzed sol—gel process, then dip-coated onto
the FET gates. The same strategy has been used to
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modify platinum electrodes and enhance stability of a
glucose oxidase based enzyme electrode (Yang et al.,
1995). Results indicate that the silica microsphere-
modified gate did not affect device pH sensitivity and
did enhance sensor performance indicating an increase
in total enzyme activity. Results also indicate that
sol—gel coatings were effective at improving enzyme
stability. Sol-gel-coated devices with immobilized en-
zyme still required refrigerated storage in buffer.

2. Methods and materials

2.1. Sensor chips and control circuit

Sensor chips were prototype pH-sensitive FETs
(SenDx Medical, Inc., Carlsbad, CA). Each chip con-
tained two discrete depletion mode, n-channel transis-
tors with a non-metallized gate insulator stack of
thermal silicon dioxide and chemical vapor deposited
(CVD) silicon nitride. A slightly serpentine gate geome-
try similar to that used by Shul’ga et al. (1993) was
used. Devices were encapsulated at the wafer scale with
polyimide (Dupont PI2555). Wafers were diced (Disco
DAD2H, Santa Clara, CA), then chips were mounted
into pin grid array (PGA) packages and wire bonded
with a thermal ultrasonic wedge—wedge bonder (K&S,
Inc. Santa Clara, CA). Bond wires were encapsulated
with two component epoxy (Master Bond EP2IND,
Hackensack, NJ). We found chip encapsulation with
Shell Epon 825/Jeffamine D230 epoxy (Janata and
Huber, 1985) unable to withstand long term aqueous
saline buffer exposure. Epoxy encapsulation defined
isolated liquid wells ( ~ 5 pl) around each device.

gnd

40pA j: Vdiff

Fig. 1. Schematic of the constant current differential sensor circuit.
Enzyme is immobilized to the gate of device Q1 while device Q2
serves as a non-enzyme coated reference. Bulk pH changes are
measured as changes in the common source voltage V., and enzyme
specific responses are measured as changes in Ve

-9V

A simplified schematic of the control circuit used to
monitor the enzyme-modified and non-enzyme-
modified transistor pair is shown in Fig. 1. The circuit
is configured as a classical differential pair amplifier.
Similar differential constant current control systems
have been investigated (Tahara et al., 1982). The main
advantage of the differential pair is that common mode
variations such as temperature and bulk pH changes
are eliminated while local pH changes at the immobi-
lized enzyme FET gate are amplified. This differential
approach has been well documented (Wong and White,
1989; Perrot et al., 1989; Rocher et al., 1994).

2.2. Sol-gel modification and enzyme immobilization

Silica microspheres were formed from tetraethoxysi-
lane (Gelest, Inc., Tullytown, PA) via a base catalyzed
sol-gel process then applied to diced chips by dip
coating as described previously (Singh et al., 1999) with
the following modifications. No plasma cleaning was
performed for these samples so that effect of plasma
treatment could be independently determined and firing
temperature was limited to 300°C to minimize poly-
imide degradation. Dip coating was performed with
diced chips prior to packaging, wire bonding and epoxy
encapsulation. Sol—-gel sphere diameter was determined
with a sub-micron particle analyzer (Coulter, Model
N4MD) and verified with electron microscopy. Spheres
were deposited over the entire chip surface. Spheres
were scraped with tweezers from metal bond pads prior
to wire bonding; spheres not in the gate region were
completely covered with epoxy encapsulation. Sol-—gel
and non-sol—gel coated chips underwent identical en-
zyme immobilization and paraoxon testing procedures.

Organophosphate hydrolase (EC 3.1.8.1) from a re-
combinant E. coli strain was isolated and purified ac-
cording to methods previously described (Lai et al.,
1994). Enzyme was immobilized to packaged chips
following the aqueous aminopropyltriethoxysilane
(APTS)/glutaraldehyde covalent attachment strategy
described previously (Singh et al., 1999). The APTS/
glutaraldehyde was the preferred immobilization chem-
istry since it yielded higher enzyme total activity in
prior bead and glass slide studies. Sensor chips were
treated with 1 N HCI, 15 min followed by 30% H,O,,
30 min for surface cleaning and silanol activation rather
than the sulfuric acid, hydrogen peroxide activation
used previously (Singh et al., 1999) to limit encapsulant
degradation. Silane and glutaraldehyde treatments were
performed by immersing packaged chips in solution.
Enzyme was applied to only one device gate by pipet-
ting enzyme into only one epoxy defined well. After
extensive rinsing, chips were stored at 4°C in 10 mM
phosphate buffered saline (pH 7.4). Some packaged
chips were reused by stripping enzyme in an oxygen
plasma reactor (March Instruments, PX1000) at 50 W,
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Fig. 2. Comparison of pH response after gate treatments. No Coat-
ing: no sol—gel coating and no chemical treatments; 20 nm sol—gel:
coated with 20 nm sol-gel spheres no additional treatments; 200 nm
sol—gel: coated with 200 nm sol—gel spheres no additional treatments.
Enzyme coated: no sol-gel coating and after enzyme immobilization
procedure. After O, Plasma: no sol-gel coating and after enzyme
immobilization and 5 min, 50 W, 300 mtorr, 100 sccm O,, plasma
treatment. Sensors tested at pH 4, 7 and 10. N =4.

300 mtorr, 100 sccm O,, 5 min. Chips were retested for
pH response after oxygen plasma stripping and then
recoated with enzyme by repeating all immobilization
chemistry treatments.

2.3. Testing procedure

All chips were soaked in deionized water for at least
24 h prior to testing. Devices were tested either (a) in
batch mode by mounting a sealing ring over the encap-
sulated chip package which created a solution well (Fig.
1) of approximately 1.2 ml volume; or (b) in a flow
system consisting of a peristaltic pump and a flow cell
which mounted over the PGA package providing a
head space of approximately 75 ul. A silver/silver chlo-
ride reference electrode was immersed either in the test
solution (batch) or in the waste outlet stream (flow).
Measurements were taken only with flow stopped to
avoid streaming potential interferences. Device pH re-
sponse was tested by monitoring changes in the com-
mon source voltage (V,,, Fig. 1) with pH 4, 7, and 10
standard buffers (Sigma, St Louis, MO) before and
after enzyme immobilization, sol—gel coating, and oxy-
gen plasma treatment. Though pH 4 and 10 are not
extreme conditions for enzyme exposure, chips with
immobilized enzyme that were used for pH testing were
not used for paraoxon testing unless fresh enzyme was
immobilized to the chips. Chips were tested for
organophosphate sensitivity in glycine—NaOH buffer
(0.5, 1, or 10 mM with 0, 50, 100 mM NaCl) at pH 9.0
by adding varying volumes of paraoxon also diluted in
glycine at pH 9.0 and monitoring changes in differential
output voltage (Vg Fig. 1). The rate of hydrolysis of
paraoxon in the absence of OPH was measured inde-

pendently spectrophotometrically. This non-enzymatic
hydrolysis was non-zero, but it was determined to be
non-critical relative to the time scale of all sensor
measurements. Independent measurement of bulk pH
after addition of paraoxon to the sensor solution was
performed by removing a sample from the sensor solu-
tion and testing with the same pH meter used for all
buffer testing and adjustments (Orion 601, Beverly,
MA).

3. Results and discussion

Fig. 2 compares the pH response (average of four
different sensors) for a variety of gate treatments. Re-
sponse has been averaged over the entire pH range
tested (pH 4-10). We did observe slightly greater sen-
sor response in the pH range 7-10 than in the pH
range 4-7 as reported previously (Bergveld and Sib-
bald, 1988) and attributed to the more slowly varying
potential of the silicon nitride surface closer to its point
of zero charge. No significant difference in pH sensitiv-
ity was recorded for chips that underwent sol—gel mod-
ification or enzyme immobilization (Fig. 2) or both
(data not shown). Change in pH response after chemi-
cal treatments has been reported (Bataillard et al., 1987;
Bergveld and Sibbald, 1988). Therefore, it was impor-
tant to verify that the enzyme immobilization or sol—
gel modification did not result in a significant loss in
device pH sensitivity.

A significant (P < 0.05) change in sensor pH response
was noted after oxygen plasma treatment (Fig. 2). We
believe this is the first report of the effect of oxygen
plasma treatments on exposed gate field effect transis-
tor pH response. Increase in surface silanol density
after oxygen plasma treatment is expected (Ratner et
al., 1990) and may explain this result. However, it has
also been proposed that oxidation of the silicon nitride
gate surface is responsible for a gradual decrease in pH
response. Recovery of pH response by removal of
oxidized nitride with hydrofluoric acid (Chen et al.,
1989) or nitridation of surface oxide using rapid ther-
mal processing has supported this hypothesis (Garde et
al., 1995, 1997). It was surprising then that intentional
oxidation via oxygen plasma treatment resulted in a pH
sensitivity increase. A possible explanation is that all
treatments (HF, RTP, O, plasma) succeed in removing
adsorbed contaminants and therefore increase silanol or
amine density and resulting pH response. It should be
noted that devices were soaked in water for at least 24
h after plasma treatment and before pH response was
measured (Diot et al., 1985) to insure full hydration of
the pH-sensitive silicon nitride. After the sensor was
coated with fresh enzyme, pH sensitivity returned to the
lower ‘Enzyme Coated’ value presented in Fig. 2. We
did not determine whether the pH sensitivity increase of
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oxygen plasma treated sensors was maintained over
time; such investigations accompanied by appropriate
surface analysis appear warranted.

Sensor response to paraoxon concentrations from 10
to 50 uM (batch) and from 0.5 to 50 pM (flow) is
presented in Fig. 3a. The batch data represent the
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Fig. 3. (a) Non sol—gel coated sensor response to paraoxon. All tests
conducted in ImM glycine-NaOH buffer pH 9.0. Inset shows flow
system response to concentrations below 10 uM paraoxon. Flow
system, N =5; batch system, N =6. (b) Non sol-gel coated sensor
response to paraoxon. All tests conducted in 1 mM glycine-NaOH
buffer pH 9.0. 5 pM paraoxon injected at each solid arrow, glycine
buffer injected at each dashed arrow. Time interval between data
points is 4 s.
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Fig. 4. Comparison of sensors with and without sol—gel coatings. All
tests conducted in 1 mM glycine-NaOH buffer pH 9.0. N =4.

averaged response of several different chips and the
flow data represent the averaged response of multiple
tests with the same chip. With the batch system, repro-
ducible measurements were possible for paraoxon con-
centrations as low as 5 pM, while the flow system
enabled reproducible measurements to 0.5-1 uM
paraoxon. It should be emphasized that the two sys-
tems were set up at different laboratories and used by
different experimenters; agreement between the two
systems was excellent. To demonstrate the time scale of
response, sensor signal during repeated injections of
paraoxon to the flow cell is presented in Fig. 3b.

A comparison of signal from sensors with and with-
out sol—gel coatings to 10—100 pM paraoxon is pre-
sented in Fig. 4. Device response was enhanced with the
200 nm sol-gel coating. Since the sol—gel coatings did
not affect pH sensitivity (Fig. 2), the measured signal
increase is most likely due to an increase in enzyme
loading or immobilized enzyme specific activity. This
result correlates well with our earlier work demonstrat-
ing that the total activity of OPH is enhanced by
immobilizing to porous rather than non-porous parti-
cles (Singh et al., 1999).

Sensor response with the 20 nm sol—gel modification
was the same as that of uncoated sensors. Assuming
closest packed spheres, the pore size provided by the
20 nm sol—gel coating is one third of particle diameter
or approximately 67 A. Unit cell dimensions of single
crystal enzyme from X-ray diffraction are 8§0.3, 93.4
and 44.8 A (Benning et al., 1994). This may explain
why the 20 nm coating had no effect on sensor re-
sponse; enzyme was unable to penetrate a silica micro-
sphere matrix with such a small pore size. The much
larger pores provided by the 200 nm sol-gel coating
would not limit enzyme penetration, and an increase in
immobilized enzyme loading is expected. The 200 nm
sol—gel coated sensors still displayed widely varying
chip to chip response (CV = 25-30%). In summary, the
sol—gel coatings may have increased sensor response by
increasing immobilized enzyme total activity; however,
on a single chip surface, the sol-gel coating does not
increase the surface area to volume ratio to such an
extent that planar variations in enzyme loading are
removed. With such a small area for direct immobiliza-
tion, highly controllable and reproducible enzyme load-
ing and activity continues to be a concern and the most
significant source of sensor variability.

Our devices displayed the well-recognized (Caras and
Janata, 1985; Eddowes, 1985) strong influence of solu-
tion buffer capacity on device response (Fig. 5). It was
suspected that the sol—gel coatings may either act as a
membrane and diminish the effect of buffer strength
(Shul’ga et al. 1993) or act as an additional solid state
buffer and further diminish device response. However,
no difference was noted between devices with and with-
out sol-gel coatings with respect to buffer strength.
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Fig. 6. Sensor signal versus time since enzyme immobilization. All
tests conducted in 1 mM glycine-NaOH buffer pH 9.0. Sensor
response to 10, 50 and 100 mM paraoxon normalized with respect to
sensor response on first day after immobilization. N = 3.

For batch type experiments, buffer strength of 1 mM
was selected as a compromise between satisfactory sig-
nal and the ability of an open system (subject to CO,
absorption) to maintain constant pH. It should be
noted that the independent pH measurements per-
formed on removed samples indicated no measurable
change in bulk pH. All buffer strengths tested were
sufficient to compensate the acidic product generated
by the immobilized enzyme once it diffused into the
bulk. The sol—gel coatings in no way increase enzyme
density to the point that dramatic changes in bulk pH
are recorded.

Devices with and without sol-gel coatings were
tested with paraoxon at 1-2 week intervals over a
10-week period (Fig. 6). Devices were stored in PBS at
4°C between measurements. The 200 nm sol-gel-
modified devices maintained greater than 80% of initial
activity for the entire 10-week test period. The 20 nm
sol—gel coated and uncoated devices gradually lost all
activity during the same period. This result supports
our prior work (Singh et al., 1999) which demonstrated
that porous immobilization platforms are superior to

non-porous immobilization platforms at maintaining
immobilized enzyme activity. Again, we attribute the
poor performance of the 20 nm coatings to the pore
size being too small for enzyme intercalation. A similar
increase in enzyme stability with a preference for spe-
cific silica microsphere diameter has been reported
(Yang et al., 1995). All devices lost all activity after day
75; failure to include any preservative in the storage
buffer may have been responsible for the sudden loss of
activity of the 200 nm sol-gel coated devices. Addi-
tional tests are being performed to determine the maxi-
mum sensor lifetime extension provided by the sol—gel
coatings and to investigate the increase in enzyme activ-
ity noted in both the bead and sensor studies.

4. Conclusions

The OPH enzyme from P. diminuta, extensively in-
vestigated and characterized for its ability to hydrolyze
organophosphate compounds, is an excellent candidate
for biospecific direct detection of organophosphates.
Results indicate that immobilization of OPH enzyme to
the exposed gate of a pH-sensitive field effect transistor
yields an organophosphate sensor with rapid response
to micromolar concentrations of paraoxon. Additional
investigations with other organophosphate compounds
are underway. Though the sensor does not provide the
nanomolar organophosphate detection limits exhibited
by acetylcholinesterase-modified FETs, OPH-modified
FETs do not require a continuous supply of con-
sumable enzyme substrate, have a much faster response
time, can be reused, and are far less likely to generate
false positive signal.

The commercial availability of FET-based pH sen-
sors indicates that many of the early material problems
of these devices have been resolved. Enzyme-modified
FETs will reach an equivalent degree of maturity only
by addressing fundamental issues related to enzyme
immobilization and stability. The sol—gel gate modifi-
cations investigated appear to provide a gate surface
more suitable for enzyme immobilization. The 200 nm
sol—gel coatings increased enzyme loading by increas-
ing available surface area and enhanced enzyme stabil-
ity. It should be stressed that this surface modification
is not a mechanism for enhancing pH sensitivity or
diminishing the inherent dependence of the enzyme-
modified FET on the buffer capacity of the surrounding
electrolyte. However, due to its inherent miniaturiza-
tion, low power consumption, and ease of integration,
the FET is still an extremely appealing transduction
platform. With further improvements in reproducibility
of enzyme loading and stability of enzyme activity, the
enzyme-modified FET is an excellent sensor platform in
those cases where the detection needs correspond to the
limits imposed by enzyme catalytic parameters and
system buffer capacity.
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